Background: Identification of patients at risk of developing adverse events would enable aggressive medical therapy and possibly targeted revascularization. The aim of this study is to characterize the determinants of long-term outcomes in atherosclerotic renovascular disease (ARVD). Methods: Patients with a radiological diagnosis of ARVD were recruited into this single-center prospective cohort study between 1986 and 2014. Data collected included baseline co-morbid conditions, annualized prescribed medications and laboratory data (serum creatinine [υmol/L], proteinuria [g/24 h]). Multivariable Cox regression analysis was used to explore association with these end-points: death, end-stage kidney disease (ESKD), cardiovascular event (CVE) and the first of any of these events. Results: A total of 872 patients were recruited into this study. However, 42 patients were excluded due to missing baseline data and hence case records for 830 patients were reviewed. Over median follow-up of 57.1 months (interquartile range: 21.7-96.9), incidence per 100 patient years of death, ESKD, CVE and any event was 13.5, 4.2, 8.9 and 21.0 respectively. Macrovascular disease (MVD), congestive heart failure (CHF), flash pulmonary oedema (FPE) and greater proteinuria at baseline were individually associated with increased risk for all end-points in multivariable analysis (Death: Conclusion: All patients with ARVD require intensive vascular protection therapy to help mitigate systemic atherosclerosis, optimize cardiovascular risk and improve clinical outcomes. More effort is required to identify the minority of patients who may benefit from revascularization.
Background
With an increasingly aging population and a rising burden of atherosclerotic risk factors [1] , there is a suggestion that atherosclerotic renovascular disease (ARVD) is becoming more prevalent both in the general population and in patients with chronic kidney disease (CKD) [2] . This has important implications because although ARVD is clinically silent in the majority of patients, its presence is independently associated with increased mortality when compared to patients with similar risk factors but no significant renal artery stenosis (hazard ratio 2.9 [risk ratio 1.7-7 .0] p < 0.0001) [3] or non-ARVD CKD (hazard ratio 1.5 [95% confidence interval 1.2-1.8] p < 0.0001) [4] . Only a minority of patients with haemodynamically-significant ARVD present with a 'high-risk' clinical phenotype characterized by one or more of uncontrolled hypertension, rapid decline in renal function, and recurrent heart failure [5] .
Management of ARVD has been a contentious subject for many years; recent large randomized controlled trials (RCT) have shown that revascularization does not confer added benefit to optimal medical treatment and atherosclerotic risk factor control, the accepted cornerstones of ARVD management [6, 7] . However, as with any RCT, these findings only apply to the type of patients included in the trials; those ARVD patients with high-risk features were seldom recruited into these studies. Anectodal evidence from case reports [8, 9] and more recently, data from an observational single-center study performed by our research group comparing medical treatment with revascularization in 237 patients with a high-risk phenotype, support the role of revascularization in specific clinical situations. In this study we found that revascularization reduced the risk of death in patients presenting with flash pulmonary oedema (hazard ratio 0.4, p = 0.01) and was associated with reduced risk of death (hazard ratio 0.15, p = 0.04) and cardiovascular events (hazard ratio 0.23, p = 0.02) in patients with the combination of refractory hypertension and rapidly declining renal function [10] .
Accurate identification of patients with ARVD who are at risk of suffering adverse events would allow a patientspecific therapeutic approach with targeted, intense medical therapy and the possibility of timely revascularization. In this study we utilized clinical and laboratory data acquired over almost 3 decades to characterize the phenotype of patients who reached important clinical endpoints, to determine the impact of risk factors on long-term outcomes and assess the effect of revascularization in a large unselected population of patients with ARVD.
Methods

Patient population and data collection
All patients with ARVD presenting to our regional renal centre since 1986 have been recruited into this observational epidemiological study. Data were collected on an annual basis from hospital records, in line with ethical approval granted by the local ethics committee and the declaration of Helsinki. Data collection includes baseline demographics (age at diagnosis, gender), co-morbid conditions (diabetes, macrovascular disease [MVD], congestive heart failure [CHF]), presence of flash pulmonary oedema (FPE), and annualized prescribed medications, blood pressure, and laboratory data including serum creatinine (υmol/L) and proteinuria (g/24 h), together with clinical outcome data. The degree of renal artery stenosis (RAS) was obtained from cross-sectional angiography (intravenous digital subtraction angiography [IVDSA] and intra-arterial digital subtraction angiography [IADSA] in earlier studies, computed tomographic [CT] or magnetic resonance [MR] angiography in later studies), reported largely by two specialist radiologists over a thirty year period, and recorded using a 'patency score'; a score of 200 was equivalent to 0% bilateral stenosis while a score of 0 meant 100% bilateral occlusion. The date of diagnostic imaging was considered as time zero for study entry. Sequential patients were entered into the database up until 31
st August 2014 and data censoring was performed at the earliest of 11 th May 2015, death, or last patient encounter if discharged or lost to follow-up.
Definitions
Previous MVD was defined as a composite of documented coronary artery disease (symptomatic angina, previous myocardial infarction or coronary artery bypass grafting, positive coronary angiography or exercise stress test result), peripheral vascular disease (symptomatic intermittent claudication, previous peripheral revascularization, amputation due to limb ischaemia, evidence of ischaemic ulcers or gangrene) and aortic abdominal aneurysms (AAA) confirmed on imaging or previous AAA repair. CHF was defined as documented symptoms of orthopneoa, paroxysmal nocturnal dyspnea, clinical evidence of CHF on examination and/or echocardiographic left ventricular ejection fraction <40%. FPE was defined as acute decompensated heart failure in the absence of a documented precipitating cardiac event or known reduced ejection fraction (<40%). Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) [11] .
Patient management
Patients were managed in accordance with the contemporary vascular protective advice and UK Renal Association blood pressure targets [12, 13] . Renal revascularization was performed in accordance with physician preference or after entry into a randomized trial [6, 7] . All revascularization procedures involved percutaneous transluminal angioplasty with or without deployment of bare-metal stents; no embolic protection devices were used.
Clinical end-points
Predefined primary clinical end-points include:
(1)Date of death as documented on hospital records.
This included all causes of death. (2)Date of first cardiovascular event (CVE) after enrollment, a composite of acute coronary syndrome or myocardial infarction, new arrhythmias, pulmonary oedema or decompensated heart failure, cerebrovascular events including transient ischaemic attacks, peripheral vascular disease including peripheral revascularization and abdominal aortic aneurysm repair, and mesenteric ischaemia. (3)Date of reaching ESKD defined as the earliest of the following events: initiation of renal replacement therapy (RRT) (including renal transplantation) or reaching eGFR <10 ml/min/1.73 m 2 which is the average eGFR at which RRT is started in the UK [14] . (4)A composite end-point composed of the first of any of the above events.
Statistical analysis
Demographic features, imaging characteristics of ARVD, comorbid conditions, baseline medications, blood pressure, eGFR, proteinuria and rate of eGFR change were compared between patients who reached clinical endpoints (death, ESKD, CVE or any event) and those who did not suffer these adverse events. Non-parametric continuous variables are presented as median (interquartile range). Chi-squared test was used to compare categorical data between the two groups while Mann-Whitney-U was used for non-parametric continuous data. The rate of change of eGFR or eGFR slope from time zero to end of study was calculated from slope of linear regression, using serial serum creatinine measurements. Patients who had blood results taken during in-patient stay, patients who reached RRT, and patients with less than 1 year follow-up or less than 3 serum creatinine measurements were excluded from the analysis. For revascularized patients, the rate of change of eGFR or eGFR slope was calculated from at least three pre-revascularization serum creatinine values only. Unadjusted incidence rates per 100 patient years were calculated manually using the following equation: (total number of events/total followup time) × 100. Baseline variables were entered into a univariable and multivariable Cox Proportional Hazards model to determine hazard ratios and 95% confidence intervals; variables were entered into the multivariable model depending on clinical plausibility of causal association with outcome and non-adjusted statistical significance. A P-value <0.05 was considered to be statistically significant. Continuous variables were centered around the mean and scaled where clinically appropriate. These analyses were performed using SPSS (version 22.0). Patients who died were older than surviving patients (72.1 versus 68.6 years, p < 0.0001), had higher prevalence of MVD (75.0% versus 63.3%, p = 0.001) and CHF (22.5% versus 11.1%, p < 0.0001) at baseline, and were less likely to be receiving renin-angiotensin blockade (RAB) (43.9% versus 66.4%, p < 0.0001), more than 3 anti-hypertensive agents (45.5% versus 54.9%, p = 0.017) or statins (50.7% versus 69.9%, p < 0.0001) at time of diagnosis. These patients were also noted to have lower patency score (100.0 versus 120.0, p = 0.007), greater degree of proteinuria (0.6 versus 0.3 g/day, p < 0.0001) and a lower eGFR (27.3 versus 36.8 ml/min/1.73 m 2 , p < 0.0001) at baseline. Patients who reached ESKD similarly had more proteinuria (1.0 versus 0.4 g/day, p < 0.0001) and worse CKD (eGFR 17.4 versus 33.4 ml/min/1.73 m 2 , p < 0.0001) at time of diagnosis. Comorbidities and baseline medications were similar between patients who reached ESKD and those who did not, although a higher proportion of patients who suffered ESKD were receiving calcium channel blockers at time of diagnosis (65.7% versus 52.7%, p = 0.002) and conversely, less patients who reached ESKD were established on an ACEi or an ARB (41.9% versus 52.1%, p = 0.02) ( Table 1) .
Results
Patients who suffered a CVE were more likely to have had revascularization compared to patients who remained , ESKD end-stage kidney disease, MWU Mann Whitney U Test, n number of patients who met criteria for calculation of eGFR slope, NR non-revascularized, R revascularized. Bold data indicates a statistically significant difference with a p value less than 0.05 a Representing rate of eGFR decline per year. This was calculated from slope of linear regression, excluding blood results taken during in-patient stay, patients who reached RRT, and patients with less than 1 year follow-up or less than 3 data points. For revascularized patients, only pre-revascularization serum creatinine values were entered into the analysis Table 2) . Table 3 compares baseline characteristics between patients who underwent revascularization and those who were treated exclusively medically; as expected, overall, revascularized patients had more severe stenosis with more frequent bilateral severe disease. A higher proportion of these patients also had documented cardiovascular disease and evidence of heart failure at time of diagnosis. Baseline renal function, degree of proteinuria and rate of eGFR decline (Table 2) did not differ between revascularized and non-revascularized patients.
Both univariable and multivariable analysis revealed that MVD, CHF, FPE and higher proteinuria at baseline increased the risk for all four end-points (Table 4) (Table 4) .
Discussion
This observational study is characterized by the longest follow-up on the largest cohort of patients with ARVD to date, thus providing important insight into the determinants of long-term outcomes.
ARVD occurs as part of systemic atherosclerosis hence, as expected, the phenotype of patients who reached clinical end-points is enriched with typical cardiovascular risk factors such as older age, co-existing macrovascular disease and congestive heart failure [3, 15, 16] . In spite of this, in our center only around half of patients were established on vascular protective therapy at time of diagnosis; this proportion appears to be less than recent data published by the Cardiovascular outcomes in renal atherosclerotic lesions (CORAL) study group, showing that in recruiting centers outside the US, up to 75% of patients were established on statins, and 62% were receiving RAB at baseline [17] . However, our study includes data from a minority of patients recruited before the emergence of evidence on the benefits of vascular protection and tight cardiovascular risk factor control in patients with systemic atherosclerosis [18, 19] . Data from retrospective observational studies has consistently shown that RAB, statins, and more recently, anti-platelet therapy and beta-blockers, offer a similar prognostic benefit to patients with ARVD [20] [21] [22] [23] [24] [25] . Although adoption of this multi-targeted therapeutic approach in treating patients with ARVD has increased in recent years, more effort is required to ensure that this becomes standard care for all patients with ARVD.
While our results suggest that patients who reached adverse end-points were less likely to be receiving vascular protective medication, in multivariable analysis only baseline administration of statins was shown to exert an independent mortality benefit. Contrary to expectations, statins had no impact on risk of CVE either in univariable or multivariable analysis and neither RAB nor betablockers were significantly associated with benefit in the adjusted analysis. This lack of perceived benefit is probably due to both immortal time bias, as the duration of time patients were receiving the baseline drugs before recruitment into the study was not considered, and the absence of longitudinal drug data. Selection bias may also account for the larger proportion of patients who suffered a CVE that were administered aspirin at baseline due to their higher cardiovascular risk, and the frequent use of calcium channel blockers in patients progressing to ESKD. Indeed, patients who died or reached ESKD had significantly lower renal function at time of diagnosis, hence they were less likely to receive renin-angiotensin blockade for blood pressure control or amelioration of proteinuria.
Although this study suggests that vascular protective therapy may modulate adverse outcomes in ARVD, our results clearly show that these are strongly dictated by the presence of greater degrees of proteinuria and lower GFR, markers of prior renal intrarenal injury. This is in keeping with results published previously by our study group showing that relative risk of declining renal function was 1.23 for every 1 g/24 h increase in baseline proteinuria [26] , and patients with >0.6 g/24 h proteinuria at time of diagnosis experienced poor renal outcomes even after revascularization [27] . Low eGFR at baseline was also associated with poor survival [26, 28] . Our study provides further support to this data by showing that patients with greater degrees of baseline proteinuria were at greater risk of suffering all adverse events, while patients with better preserved renal function at time of diagnosis had better outcomes. Although diabetics have been included in the analysis and diabetic nephropathy is also associated with proteinuria, the presence of diabetes did not enhance the risk of adverse clinical outcomes. A recent observational study from Taiwan has reported that diabetes increased the risk of ESKD in ARVD around 1.55-fold [29] while another study from the UK has highlighted increased mortality in diabetic patients with ARVD compared to their non-diabetic counterparts [30] . Potential reasons for our conflicting results are the uniform distribution of diabetics between groups, and selection bias; patients with rapidly declining renal function or severe proteinuria in the context of presumed significant diabetic nephropathy are unlikely to be referred for investigation of ARVD, despite the known close association between diabetes and the development of systemic and renal atherosclerosis [31, 32] .
The clinical significance of renal vascular anatomy is unclear. Several studies, including publications from this same dataset, demonstrated that severity of stenosis correlates inversely with long-term patient survival [15, 26, 30] , but has no bearing on degree of renal dysfunction at presentation and renal functional outcome. This is dependent on the degree of parenchymal disease, which is related to the actual 'haemodynamic significance' of a stenosis rather than its 'severity' on cross-sectional imaging studies [26, 28, 33] . In addition, patients with severe stenosis invariably have widespread systemic atherosclerosis and significant cardiovascular comborbidities, hence most die before progressing to ESKD. Our results point towards a trend between higher patency score and better long-term clinical outcomes, suggesting that in this complex, heterogenous condition, outcomes are influenced by both parenchymal damage and the 'haemodynamic significance' of stenosis. However, the patency score used in this analysis does not distinguish between unilateral severe stenosis and bilateral less haemodynamically significant disease, hence results probably reflect the effect of overall atherosclerotic burden rather than specific haemodynamic compromise.
Nonetheless, revascularization was noted to exert a significant beneficial effect on long-term survival and progression to ESKD even after adjusting for confounders including age, macrovascular disease, congestive heart failure, flash pulmonary oedema, medications, and baseline blood pressure, proteinuria and renal function. Revascularization exerted a 33% reduction in risk for death (hazard ratio 0.67 [95% confidence interval 0.52-0.87] p = 0.003) and a 32% reduction in risk for ESKD (hazard ratio 0.68 [95% confidence interval 0.53-0.88] p = 0.003); this is similar to the risk reduction noted in a recent observational study performed using administrative claims in Taiwan (adjusted odds ratio 0.64 [95% confidence interval 0.50-0.84] p < 0.01) [29] . It is however difficult to interpret the effect of revascularization on long-term outcomes in unselected patients with ARVD from observational or retrospective studies as these do not take into account hidden confounders or selection bias.
In addition to potential sources of bias already mentioned above, this study has other important limitations. Only patients with complete datasets were included in this analysis. The number of patients excluded from analysis due to missing data was small in comparison to the study population, and so we feel it unlikely that this would introduce potential bias in our study. Data was collected in a standardized manner from patient records, but this was performed by different individuals over three decades, thus introducing assignment bias. Variables such as body mass index, smoking status and drug dosage were not included due to missing or unreliable data. Cause of death data was also not available but for the purposes of our discussion, it was assumed that there was a predominance of cardiovascular deaths in this ARVD population, in keeping with evidence from the literature [34] . Our analyses are based on 'all-cause' death and no imputed outcome data was used in the analyses. Blood pressure was documented from office readings taken at time of diagnosis, which has limitations. The degree of stenosis was determined by a single observer and based on biplanar imaging studies without confirmation of haemodynamic significance of the stenosis. It is hoped that continued prospective data collection coupled with the application of novel non-invasive imaging techniques [35] and specific serum biomarkers [36] , to determine the haemodynamic significance of a stenosis and the viability of renal parenchyma, can help overcome these limitations.
Conclusion
The main determinants of adverse clinical outcomes in ARVD are prior cardiovascular disease and intra-renal parenchymal damage manifest by greater proteinuria and reduced renal function. Our results indicate that more effort is required to optimize medical management of ARVD using multi-targeted vascular protection therapy to help improve cardiovascular risk and decrease overall atherosclerotic burden while mitigating intrarenal parenchymal injury. Revascularization may have a beneficial effect on long-term outcomes in certain patients, however, more research is required to help characterize this patient sub-group further.
